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Abstract 
Laser ignition (LI) of both liquid fuels and gaseous 
combustible mixtures in gas turbines offers the 
potential for reduced emissions and increased 
reliability. During the combustion process, carbon and 
other by-products accumulate on the walls of the 
combustion chamber. For laser based ignition systems, 
this could potentially reduce the transmissive 
properties of the output window required for 
transmission of the laser radiation into the combustion 
chamber. Presented in this paper is an empirical study 
into the laser cleaning of an output window for the 
removal of accumulated carbon prior to laser ignition, 
with the mechanism of removal discussed. 
Introduction 
In conventional high energy spark ignition (SI), the 
location in which the ignitor is placed within the 
combustion chamber is highly detrimental to its 
durability, reducing its service life. This is primarily 
due to exposure to the high temperatures and pressures, 
as well as deposition and accumulation of the products 
of combustion. The latter not only damages the ignitor 
but also severely affects the degree to which the fuel 
spray can be atomized by the fuel injection lance, 
necessitating the use of higher energy density plasmas 
for ignition thus exacerbating the problem. The 
combined adverse effects attributable to erosion, or the 
significant deposition and accumulation of the 
products of combustion, may affect successful ignition 
or compromise component integrity to such an extent 
that the high energy ignitor may need to be replaced 
prematurely.  
Laser based ignition (LI) offers the potential to 
physically remove the ignitor assembly from the 
combustion chamber, thereby addressing the majority 
of the aforementioned durability issues. However, an 
output window is required for transmission of the 
beam into the combustion chamber and this would still 
be subject to accumulation of debris from the 
combustion process, adversely affecting the 
transmission properties of the window [1]. This has 
also been identified as an issue in optical monitoring of 
combustion events [2]. A self-cleaning mechanism [3] 
has been reported in literature regarding LI, the 
principles of which are broadly the same as those of 
selective vaporization and spallation, both widely 
applied laser cleaning mechanisms [4].  
Previously, the ability to vary the ignition location 
freely within the combustion chamber has been cited 
as an inherent advantage of laser based ignition 
systems when compared with conventional SI [4-6]. 
However, the aforementioned self-cleaning process is 
heavily dependent on the energy density of the beam 
incident on the window. Therefore, both the position of 
the window in the optical path as well as laser 
operating parameters must be chosen so as to facilitate 
self-cleaning prior to LI. 
In this paper an empirical study into the removal of a 
carbon layer from the reverse side of a borosilicate 
glass output window using a Q-switched Nd:YAG 
laser source is detailed, with the effect of focal position 
and laser power on the effectiveness of removal 
investigated 
Experimental 
Laser cleaning of a 75 x 25 x 1 mm3 borosilicate glass 
output window was investigated using a Q-switched 
Nd:YAG TEM00 laser (Powerlite II, Continuum Ltd), 
operating at 10 Hz repetition rate and 532 nm 
wavelength. The experimental set-up for the output 
window cleaning investigation is depicted Figure 1.  
The set-up consisted of a Galilean beam expander, 
reflective beam steering mirrors and a polarization 
based variable attenuator. The beam was focussed onto 
the output window using a 200 mm focal length N-
BK7 plano-convex lens. A power meter was placed 
approximately 40 mm after focal position in the optical 
path. 
Borosilicate glass was chosen as a cost effective and 
suitable approximation of N-BK7 glass, a likely 
candidate for use in LI systems utilizing visible 
wavelengths. The transmission of 532 nm radiation in 
borosilicate and N-BK7 glass is 98.75% and 99.5% 
respectively. Whilst the thickness of the borosilicate 
glass used (1 mm) was considerably less than that of 
output window in the ignitor assembly (5 mm) this was 
likely to have little effect on the results of this 
investigation due to the highly transmissive nature of 
both. 
 
Figure 1: Output window cleaning experimental set-up 
with (1) laser source, (2) Galilean beam expander, (3) 
beam steering mirrors, (4) variable attenuator, (5) 
focussing lens, (6) graphite coated output window and 
(7) power meter. 
The output window was coated with graphite spray to 
simulate the accumulation of debris (predominantly 
carbon) observed on the walls of the combustion 
chamber during gas turbine operation. The average 
layer thickness was determined using white light 
interferometry (WLI, NewView 700s, Zygo Corp.) and 
found to be approximately 0.15 mm. The uncoated side 
of the window was exposed to laser radiation. 
Results 
The ability of pulsed laser radiation to remove a 0.15 
mm thick carbon layer from the reverse side of 75 x 25 
x 1 mm3 borosilicate glass output window was 
investigated using a the Powerlite system; operating at 
10 Hz repetition rate and 532 nm wavelength. The 
laser power and position of the output window in the 
optical path were varied, with the input and transmitted 
power measured. 
Operating window 
Initially, the laser power required for spark formation 
for this optical set-up was determined. Operating at 10 
Hz repetition rate, the laser power was gradually 
increased until consistent sparking was observed, with 
the transmitted power through the focal point measured 
using a power meter. It should be noted that, for this 
part of the investigation, the output window was 
removed from the experimental set-up depicted in 
Figure 1. Sparking was found to occur at incident 
powers of 70 mW or greater, with consistent sparking 
occurring at approximately 100 mW. 
This region of infrequent spark formation observed 
from 70 to 100 mW was also observed by Chen et al 
[8]. To investigate this further, the laser was set to 
single pulse mode, with 100 pulses triggered at each 
power over this region. The number of sparks 
generated was monitored and used to determine the 
spark probability, as shown in Figure 2 along with 
transmitted intensity through the focal position. 
 
Figure 2: Transmitted laser power and spark 
probability with increasing laser power (532 nm, 10 
Hz). 
Output window cleaning 
The transmitted power through a graphite coated 
output window at 50, 150, 250, 350, 450 and 550 mW 
input powers was measured using the experimental set-
up depicted in Figure 1. This represented the full range 
of powers available at 532 nm wavelength using the 
Powerlite system.  
The output window was placed 10 mm from the focal 
point of a 200 mm lens, equivalent to the position it 
would occupy should it be incorporated as part of the 
pilot burner assembly and the spark be located in the 
same position as that of the high energy ignitor spark 
in conventional SI. The results are shown in Figure 3. 
It was found that, with the window at this position in 
the optical path, even powers below that required for 
spark formation (<70 mW) were sufficient for the 
complete removal of the carbon layer. Figure 3 reveals 
near full transmission of the input laser power at 50 
mW, with losses likely to be due predominantly to 
reflection at the input face of the window. It should be 
noted that the output window in an LI system could be 
anti-reflective coated in order to reduce such losses. 
 Figure 3: Transmitted power through graphite coated 
output window with varying laser power at 10 mm 
from the focal position (532 nm, 10 Hz). 
At powers above the threshold for spark formation the 
transmitted power was no longer directly proportional 
to the input power. This is due to the partial absorption 
of the beam in the plasma generated in the focal 
position. After dielectric breakdown of air has been 
initiated, the electrons released as a result of this 
ionization readily absorb more of the incident photons 
via inverse bremsstrahlung, as shown in Figure 4. 
 
Figure 4: Absorption of incident laser radiation in the 
in the plasma generated with increasing laser power 
(532 nm, 10 Hz). 
Fluctuation in transmitted power was found to decrease 
with increasing incident power. This is likely due to 
saturation of the laser generated plasma. Increasing 
incident power corresponds to an increase in the 
number of photons incident on the plasma. A region in 
which the energy and density of the plasma is 
increased exists between the threshold for spark 
formation and the saturation point. Beyond this point 
the plasma expands in size without significant change 
in density [9] and only the trailing edge of the laser 
pulse is transmitted through the focal position. 
Therefore, the transmitted power shows a linear 
relationship with incident power after saturation of the 
plasma has been achieved. 
The position of the output window in the optical path 
is crucial to the ability of the laser to remove the 
carbon layer effectively. With increasing proximity to 
the focal position, the laser intensity is sufficient for 
full removal of the layer, whilst further away from the 
focal position only partial removal of the layer is 
possible, as depicted in Figure 5. 
 
Figure 5: Transmitted power through graphite coated 
output window with varying laser power and distance 
from focal position (532 nm, 10 Hz). 
At least partial removal of the carbon layer was 
achieved at all the powers and distances used in Figure 
5. Spark formation occurred at all powers when the 
window was placed within 50 mm of the focal 
position. The distance from the focal position at which 
full removal of the carbon layer is possible is dictated 
by the focal length of the lens, beam diameter incident 
on the lens and laser power. 
Mechanism of cleaning 
The mechanism by which the carbon layer is removed 
is likely a combination of two well established 
mechanism of laser cleaning in conservation of 
artworks; spallation and selective vaporization [10]. 
Spallation utilizes high laser intensities, such as those 
generated by Q-switched solid state lasers, at which 
even reflective materials absorb strongly enough for 
vaporization to occur. The plasma generated by this 
initial vaporization has the effect of shielding the rest 
of the substrate from the laser radiation by absorbing it 
through the mechanism of inverse bremstrahlung. 
Absorption of the laser radiation causes the plasma to 
expand, imparting compressive stresses into the 
substrate. After the laser pulse has ended the plasma 
rapidly expands away from the substrate surface, 
resulting in the relaxation of the compressive stresses 
and the removal of a layer up to 100 μm thick. 
 
Figure 6: Output window cleaning showing (a) initial 
pulse removing graphite coating from window and (b) 
subsequent pulse resulting in spark formation (50 mW, 
532 nm, 10 Hz, 10 mm from focal position). 
In the selective vaporization process, a difference in 
the reflectivity of a substrate and debris layer results in 
strong absorption in one but no appreciable 
temperature rise in the other. This allows for the 
selective vaporisation of debris layers, especially if 
they are dark coloured and the substrate is particularly 
reflective. However, as previously stated, the use of 
high intensities would likely result in damage of the 
substrate, regardless of its reflectivity. Whilst the high 
laser intensities used in this investigation would likely 
rule out the selective vaporization mechanism for 
removal of the carbon layer from opaque substrates, 
the highly transmissive nature of the borosilicate glass 
used allows this mechanism to operate without 
damaging the substrate. As depicted in Figure 6, the 
first pulse removes the carbon layer from the reverse 
side of the glass by a process of selective vaporization, 
with little or no transmission of power and no spark 
generated. Subsequent pulses are then fully transmitted 
and result in spark formation at the focal position. 
As previously mentioned, minimal or no damage to the 
substrate is indicative of selective vaporization being 
the active mechanism of laser cleaning. Figure 7 shows 
no appreciable damage to the surface of a laser cleaned 
output window when compared with an un-processed 
sample. 
 
Figure 7: WLI image of an approximately 80 x 80 μm 
central portion of borosilicate glass surface (a) before 
laser cleaning and (b) after (100 mW, 532 nm, 10 Hz, 
10 mm from focal position). 
Conclusions 
Laser cleaning of carbon deposits on the output 
window of the ignitor assembly has been successfully 
demonstrated. A full empirical study was conducted in 
which the laser power and position of the output 
window were varied in order to determine a suitable 
processing window for laser ignition (LI). 
It was found that the position of the output window in 
the optical path was paramount to the suitability of 
operating parameters for a given optical system. The 
key operating parameters were identified as focal 
length of the lens, beam diameter incident on the lens 
and laser power. This can be attributed to the variation 
in the energy density of the beam throughout its focal 
length. Therefore, the configuration of the optical 
system is an important consideration when selecting 
ignition location within the combustion chamber. 
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